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The g factor of the 2+1 state in
132
52 Te, E(2
+
1 ) = 0.9739 MeV, τ = 2.6 ps, was measured by the transient
ﬁeld technique applied to a radioactive beam. The development of an experimental approach necessary
for work in radioactive beam environments is described. The result g = 0.28(15) agrees with the previous
measurement by the recoil-in-vacuum technique, but here the sign of the g factor is measured as well.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Knowledge of the magnetic properties of nuclei is of funda-
mental interest for the description of nuclear structure. The de-
termination of the magnetic moment of an excited nuclear state
provides information relevant to the microscopic description of
the wave function of that particular state. The intrinsic magnetic
moments of proton and neutrons are quite different from each
other especially for the stretched angular momentum conﬁgura-
tions, j = l + 1/2, where the magnetic moments of neutrons are
negative while the corresponding magnetic moments for protons
are positive. The region of nuclei around 132Sn has stimulated
much experimental and theoretical interest recently. B(E2) tran-
sition probabilities have been measured in the stable and several
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doi:10.1016/j.physletb.2008.05.048radioactive Te and Sn isotopes [1,2]. The magnitude of the mag-
netic moment of the 2+1 state (E(2
+
1 ) = 0.9739 MeV, τ = 2.6 ps) in
132Te has also been measured by the Recoil-in-Vacuum (RIV) tech-
nique [3,4], |g(132Te; 2+1 )| = 0.38 (4) and the magnetic moments
of the 2+1 states in the stable Te and Sn isotopes have been remea-
sured [5,6]. Theoretical calculations have been carried out within
the framework of the shell model with different approaches. The
resulting values for these quantities vary, and even the sign of the
g factors is not predicted uniformly [7–12].
In order to test theoretical calculations thoroughly it is impor-
tant to carry out measurements on nuclei far from stability where
deviations from the standard predictions might reveal otherwise
unsuspected interactions.
The transient ﬁeld (TF) in inverse kinematics technique, where
the excited projectiles of the beam are the nuclei to be studied,
was developed exactly with the purpose of opening new regions
of nuclei to magnetic moment measurements. Working in a ra-
dioactive beam environment, however, presents challenges that do
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surements on radioactive beams employing transient ﬁelds have
been carried out previously. The ﬁrst was a measurement on a
beam of 76Kr (T1/2 = 14.8 hours) [13] produced by the re-cyclotron
technique at LBNL and the second was a measurement with inter-
mediate energy beams at MSU on 38,40S (T1/2 = 170.3 (7) min and
8.8(22) s, respectively) [14,15].
The production of a 132Te beam (T1/2 = 3.204(13) days) at
HRIBF, ORNL is well established and provides a suitable case to
test the transient ﬁeld technique in a different radioactive beam
environment.
2. The experiment
Transient ﬁeld experiments involving Coulomb excitation of a
heavy beam in inverse kinematics by the ﬁrst (light) element of
a multi-layered ferromagnetic target have been performed for sev-
eral years now. Many of the pertinent details are described in a
recent review article [16].
The work with radioactive projectiles requires modiﬁcation of
the technique in order to minimize radioactivity build up in or
near the target. The experimental strategy depends on the half life
of the radioactive species and on the beam properties such as iso-
topic purity and spatial proﬁle; the speciﬁcs of the experiment on
132Te will be highlighted here.
A 396 MeV radioactive 132Te beam of 3 × 107 pps was pro-
duced and accelerated by the ORIC/U ﬁssion source/Tandem sys-
tems at HRIBF, ORNL. The 132Te contained about 10–15% 132Sb
(T1/2 = 2.79 min). The 132Sb decays by β emission into 132Te and
populates speciﬁcally the 2+1 state of interest in this work. The γ
radiation stemming from this process is in direct competition with,
and much more intense than, the γ -rays emitted in the decay of
the Coulomb-excited 132Te nuclei.
The following design of the experimental setup was chosen
(Fig. 1): a target chamber with a large exit pipe; a magnet, cooled
to 77 K with liquid nitrogen, holding a frame-less target foil; a tar-
get thin enough to minimize the beam spread in the chamber
due to straggling; and a pair of forward-located particle detectors
positioned so as to let nearly all radioactive beam and scattered
particles stop far away in a downstream beam dump. All non-
essential materials in the scattering chamber, such as collimators
which could stop radioactive beam or its scattered components,
were eliminated.
Calculations based on the SRIM program of Ziegler and Bier-
sack [17] showed that in order to keep 99% of the scattered pri-
mary beam within a cone of ±15◦ , the thickness of a target should
be smaller than ≈7 mg/cm2. The design of the target must balance
this limitation on the total thickness with the conﬂicting require-
ments that (i) a “thick” carbon layer is desirable to enhance the
count rate and compensate for the low beam intensity, and (ii) a
“thicker” ferromagnetic layer, which yields larger precessions, im-
proves the sensitivity of the experiment. It is essential to remove
the non-magnetic stopping layer (backing) that is used in stable-
beam measurements. The absence of this stopper for the probe
ions diminishes the anisotropy of the angular correlation due to
recoil into vacuum attenuation and reduces the measurable effect.
Two targets were used in the experiment. The ﬁrst target con-
sisted of 1.4 mg/cm2 of carbon in the form of colloidal graphite
brush-painted and baked-in onto a layer of 4.9 mg/cm2 gadolin-
ium, backed by a very thin, 0.8 mg/cm2, copper layer. This last
layer was applied solely to help increase the otherwise poor
thermal conductivity of the gadolinium foil. Graphite was cho-
sen because vacuum deposited C targets thicker than about 0.4 to
0.5 mg/cm2 did not remain adhered to gadolinium or iron foils.
The second target consisted of 1.0 mg/cm2 of graphite on
4.4 mg/cm2 of iron. Both targets were cooled to about 77 K. TheFig. 1. Target chamber and detectors. In the drawing the pole pieces of the magnet
and placement of the particle detectors are offset by 90◦ .
magnetization of these targets was measured as a function of tem-
perature and was M = 0.1600 T and 0.1707 T, respectively, at 77 K
and an external magnetic ﬁeld of 0.06 T. Since the targets lacked
the usual stopper layer, the Coulomb-excited nuclei left either tar-
get with an average velocity 〈v/c〉 = 0.037. The observed decay γ -
rays were consequently Doppler shifted. This feature was essential
for the success of this experiment. It led to the separation of the
γ transitions coming from the decay of the beam-contaminating
132Sb nuclei which also populate the 2+1 state in 132Te. Since these
“background” lines arise from the decay of radioactivity at rest
in the target chamber they appeared as sharp lines at the nomi-
nal energy, while the transitions from Coulomb excited 132Te were
Doppler shifted suﬃciently to be fully separated from the decays
at rest.
A particle detector consisting of two 15 × 15 mm2 silicon so-
lar cells mounted 10.5 mm above and below the reaction plane,
positioned at an angle of 33◦ with respect to the beam axis, was
placed 30 mm downstream from the target. The silicon wafers sub-
tended an angle of 19◦ < θ < 47◦ . This geometry allowed most of
the beam and recoil products to leave the chamber. An additional
9.15 mg/cm2 copper foil placed in front of each solar cell protected
them from heavy stray particles (beam, forward scattered gadolin-
ium, copper or iron ions) but allowed the Coulomb-scattered C
ions through.
Four unsuppressed Ge Clover detectors were placed in the hor-
izontal plane at polar angles of θ = ±67◦ , ±113◦ with respect to
the beam. The target-detector distance was 132 mm. The detectors
were covered by a triple absorber layer of Pb/Cd/Cu to absorb the
low energy γ rays.
The energy and time information of every singles event in a
detector was determined directly from the preampliﬁer signals in
digitizing pulse processors from XIA [18] and stored on disk. The
magnetic ﬁeld direction which was switched from the up to the
down direction every 150 s, was recorded with every particle.
3. Magnetic moment measurement
The precession of the magnetic moment in the transient ﬁeld,
θ = [(ρ − 1)/(ρ + 1)]/S , was obtained by setting the γ detectors
at an angle θ where the logarithmic slope, S = (1/W )(dW /dθ),
of the angular distribution is appreciable and alternating the di-
rection of the magnetic ﬁeld [16]. The quantities ρ are related
to the coincidence counting rates in the four detectors labeled
i, j = 1,2,3,4, by ρi j =
√
N↑i N
↓
j /N
↑
j N
↓
i , and ρ =
√
(ρ14/ρ23).
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Summary of beam energies, angular momenta and parity of the excited state, and
kinematics of the recoiling ion. The 〈E〉in and 〈E〉out , and 〈v/v0〉in and 〈v/v0〉out ,
are, respectively, the average energies and velocities of the excited 132Te ions as
they enter into and exit from the gadolinium or iron layer; v0 = e2/h¯ is the Bohr
velocity. θcalc is the expected precession for the target and kinematic conditions
of this experiment for g = 1 using the Rutgers parametrization [19]
Ebeam MeV 〈E〉in MeV 〈E〉out MeV 〈 vv0 〉in 〈 vv0 〉out θcalc(g = 1) mrad
132Te on Gd target
396 235.3 112.5 8.5 5.9 49.5
132Te on Fe target
396 257.3 81.2 8.9 5.0 48.4
The g factor is extracted from the spin precession angle θ =
− gμNh¯
∫ tout
tin
BT F (v(t), Z) · e−t/τ dt . Here, BT F , the transient ﬁeld is a
function of both the velocity v and the atomic number Z of the
projectile ions, τ is the mean lifetime of the state being consid-
ered, and tin and tout are the mean entrance and exit times of the
ions into and out of the ferromagnetic layer. The value of BT F was
derived from the Rutgers parametrization [19]. BT F is directly pro-
portional to the magnetization M of the ferromagnetic foil. The
relevant kinematic parameters are listed in Table 1.
In general, the slope of the particle-γ angular correlation is
measured separately [16]. With weak radioactive beams and lim-
ited availability of beam time, it appears advantageous to carry
out the slope measurement on a stable beam of a nearby isotope.
However, in experiments where the probe ions exit from the target
into vacuum, an attenuation of the particle-γ angular correlation
is expected. This attenuation depends on the unknown g factor
itself and the mean lifetime of the state, as well as on the ve-
locities of the exiting ions–parameters that may be different for
the two isotopes. For this experiment, therefore, the slope was
determined during the precession measurement by analyzing the
data from individual Clover segments. A Clover detector is made
up of four segments, two of which are located at the same an-
gle θ in the reaction plane. At the given target-detector distance
the effective angle separation of the Clover halves is 16◦ , placing
segments of forward detectors at angles of ±59◦ and ±75◦ and
segments of backwards detectors at ±105◦ and ±121◦ . Anisotropy
ratios were thus obtained from the eﬃciency-corrected precession
data (summed over both magnetic ﬁeld directions). The relative
eﬃciencies of the Clover segments were measured using a 152Eu
source at the target position. The data taken with the gadolin-
ium and iron targets yielded ratios R(59◦/75◦) = 1.88(10) and
R(59◦/75◦) = 1.76(11) which yield slopes for a Clover detector of
S(67◦) = 2.16(18) rad−1 and S(67◦) = 1.95(19) rad−1, respectively.
Details of this type of analysis based on a two point angular cor-
relation are described in Refs. [20,21].
4. Data analysis
The data were sorted by requiring a coincidence between the
particle detector and any of the γ -ray detectors. Fig. 2 shows the
particle spectrum. Fig. 3 shows a set of γ -ray spectra obtained
with various coincidence conditions. The top spectrum (Fig. 3(a))
is a typical “singles” spectrum as measured in one Clover segment
and Fig. 3(b) shows a coincidence spectrum for a Clover detector.
All labeled γ lines in Fig. 3(a) are identiﬁed as transitions in 132Te
and 132Xe, originating from the radioactive decay of the relative
short lived 132Sb beam component and the daughter product of
132Te, 132I (T1/2 = 2.295 h). The sharp 0.9739 MeV line is from the
2+1 → 0+1 transition in 132Te populated by the β decay of 132Sb. It
is ﬂanked by two small activity lines, one from the promptly sat-
urated short-lived 132Sb activity on the right side, and one from
the slow-growing 132Te activity. These two satellite peaks com-
pete with the Coulomb excited and Doppler-shifted component ofFig. 2. Particle spectrum. The low energy part is dominated by scattered heavy ions
and its intensity varied with the beam tune. The low energy particles were not used
in the data analysis.
Fig. 3. γ -ray spectra obtained under different gating conditions. (a) Singles in a
Clover segment; (b) Coincidence between carbon particles and γ rays in a forward
Clover (prompt time window); (c) and (d) Coincidence spectra with randoms sub-
tracted for a backward and a forward detector, respectively.
the 0.9739 MeV, as shown in the other spectra. Fig. 3(c) and (d)
show random-subtracted γ spectra for Clover detectors positioned
at 113◦ and 67◦ , respectively. Despite an overall high rate of acci-
dental coincidences in the data stream, the quantitative subtraction
of the random counts yielded clean spectra.
In total, 51 hours of radioactive 132Te beam were run with the
gadolinium target and 38 hours with the iron target. Altogether
about 700 counts per Clover and ﬁeld direction in the shifted
peaks were obtained.
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Precession results from the analysis of an individual Clover segment
Target Detector angle ρ |Slope| θ mrad g
Gd ±121/±59◦ 0.966(46) 1.66(9) −10.4(14.3)
±105/±75◦ 0.882(58) 3.04(38) −19.2(11.0)
+0.33(18)
Fe ±121/±59◦ 0.966(65) 1.55(10) −11.3(22.1)
±121/±59◦ 0.965(85) 2.60(38) −7.0(8.9)
+0.16(28)
The Clover data were analyzed both for whole Clovers and for
individual Clover segments, thus taking advantage of higher sensi-
tivity that ensues from the better angular deﬁnition. The detailed
results from the analysis of individual segments are shown for in
Table 2.
5. Results
The results obtained with the two different targets were
g(gadolinium) = +0.33(18) and g(iron) = +0.16(28) for the two
targets respectively. The weighted average of these is
g
(132Te; 2+1
)= +0.28(15).
A short discussion of the origin and magnitude of the errors fol-
lows. Ultimately, the magnitude of the error in this experiment
is determined by the low intensity of the radioactive beam. In
particular, the reason for the larger error in the case of the iron
target was that the beam had deteriorated considerably for those
runs. An important contribution to the overall error comes from
the subtraction of the randoms. More speciﬁcally, in the case of
the present experiment, the two satellite impurity γ -ray lines on
either side of the position where the radiation from the stopped
nuclei was observed, interfered with the shifted γ -ray lines de-
exciting the Coulomb excited 2+1 state. Although these impurity
lines are quantitatively removed in the subtraction of the ran-
dom coincidences, this subtraction adds to the error in the ﬁnal
result because the lines are of comparable intensity. The activity
background could be further reduced in a future experiment by
replacing periodically the copper stopper foils located in front of
the particle detector where most of the activity was concentrated.
6. Discussion
The long chain of Te isotopes covers a region where an evo-
lution from mostly single particle conﬁgurations to preferentially
collective excitations takes place. So far, the experimental mea-
surements of B(E2) values extend to A = 136 while those of g
factors only reach A = 132. However, the promise of higher in-
tensity beams in the future will allow more extensive and higher
precision experimental data.
Many calculations of g factors of 2+1 states in the Te isotopes
(as well as in some Sn isotopes) have been carried out and are dis-
played in Table 3 and in Fig. 4, except for the results of Refs. [11,12]
which have only been presented as ﬁgures. Calculations based on
separable quadrupole-plus pairing Hamiltonian and the quasiparti-
cle random phase approximation have been carried out for many
nuclei around 132Sn by Terasaki et al. [7]. Brown et al. presented
a new shell model calculation for Sn, Te and Xe nuclei in which
the residual interaction is based on the CD-Bonn renormalized G
matrix. In this calculation single particle spin and orbital effective
g factors are evaluated microscopically including core polarization
and meson exchange current effects [8]. Another approach using an
effective interaction derived from the CD-Bonn potential through
the so-called low momentum Vlow-k approach, and free gyromag-
netic factors [26,9] was used by Covello [10]. N. Shimizu et al. [11,
12] studied the 134,136,138,140Te and 134,136,138Sn isotopes in terms ofTable 3
Calculated and experimental g factors for 2+1 states in Te isotopes
Model SM II QRPA CD-Bonn
geff
CD-Bonn
gfree
Vlow-k
gfree
NPSMI
geff
NPSMII
gfree
Experiment
Ref. [24] [7] [8] [8] [26,9,10] [25] [25] [5,23,22]
120Te +0.29(4)
122Te +0.353(14)
124Te +0.326(18)
126Te +0.339(13)
128Te +0.318(13)
130Te +0.445 0.341 0.180 0.241 0.188 +0.351(18)
132Te +0.448 0.491 0.479 0.287 0.35 0.337 0.283 |0.38(4)|a
+0.28(15)b
134Te +0.858 0.695 0.833 0.517 0.879 0.809
136Te −0.174 0.347 0.272 0.148 0.119
138Te 0.121 0.093
140Te 0.100 0.072
142Te 0.081 0.055
a Recoil in vacuum experiment: Ref. [4].
b Transient ﬁeld experiment: this work.
Fig. 4. Experimental and theoretical g factors for the Te isotopes. The experimental
g factors denoted by black circles are taken from [5,22,23]. The theoretical calcula-
tions shown were performed in the shell model (SM II) [24] and (CD-Bonn) [8] with
effective g factors, (QRPA) [7] using Quasi Random Phase Analysis, (NPSM I) [25] in
the nucleon pair approximation of the shell model and Monte Carlo shell model
calculations (MC) [12].
the nuclear shell model with the same Hamiltonian used for the
spherical-deformed shape phase transitions of Ba isotopes. The sys-
tematic trends of the structure of heavier and more exotic Sn and
Te isotopes beyond 136Te were studied by the Monte Carlo shell
model technique and present an unusual and very slow evolu-
tion of collectivity and deformation [11,12]. More recently, Jia et al.
have applied a collective S and D nucleon pair (NPSM) approxima-
tion of the shell model to even–even nuclei from Sn to Ba in this
region. These authors employ monopole pairing, quadrupole pair-
ing plus quadrupole–quadrupole-type interactions between like va-
lence nucleons and quadrupole–quadrupole interactions between
valence neutrons and valence protons in the even–even 126-142Te
isotopes [25]. While there is general agreement for the N = 82
nucleus 134Te, for heavier nuclei the theoretical predictions vary
greatly and await experimental veriﬁcation. A recent calculation
using the Monte Carlo shell model technique and gs quenched by
a factor of 0.7 yields g(132Te, 2+1 ) = 0.29 [27].
In summary, the g factor of the 2+1 state in 132Te was mea-
sured using a radioactive beam of 132Te. The activity was produced
in an uranium carbide source, extracted and accelerated by a Tan-
dem electrostatic facility. Several background problems that arise
from work with radioactive beams were identiﬁed and solved. Such
backgrounds are characteristic of each isotope beam and need a
N. Benczer-Koller et al. / Physics Letters B 664 (2008) 241–245 245speciﬁc solution for each isotope studied. The resulting g factor,
g = +0.28(15) is in good agreement with the absolute value ob-
tained with higher precision but no sign by the RIV technique.
While there are many theoretical calculations that include the ex-
isting conﬁgurations in the region around 132Sn, as well as many
forms for the residual interactions, there is little consensus as to
the expected values of the g factors for nuclei with N > 82. Further
developments in beam technology and experimental optimization
will allow measurements to discriminate between theoretical mod-
els for the heavier Te isotopes.
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